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The family Syngnathidae provides an excellent system in which to study variation in mating systems. From pairbonding in monogamous seahorses to both polyandrous and polygynandrous pipefish species, the family Syngnathidae contains species with genetic mating systems at the extremes Wilson et al. 2003) . The evolution of male pregnancy in syngnathid fishes has resulted in sexrole reversal in many species of pipefishes, in the sense that females compete for access to limited male brooding capacity, and sexual selection thus acts more strongly on females than on males. Seahorses, however, appear to have maintained conventional sex roles with males normally initiating courtship and more often interacting aggressively than females. Of the handful of seahorses that have been studied either socially or genetically, all appear to be monogamous (Jones et al. 1998; Wilson and Martin-Smith 2007; Mobley et al. 2011; Woodall et al. 2011) . Although seahorses exhibit monogamous pairing during single breeding events, males will often switch mates across breeding seasons in the European long-snouted seahorse, Hippocampus guttulatus, or even within a breeding season in the Western Australian seahorse, H. subelongatus (Kvarnemo et al. 2000; Woodall et al. 2011) . Behavioral studies in the animal's natural environment or in the laboratory are both informative and necessary, but it is important to document genetic mating systems to understand fully the evolutionary consequences of the social mating system. A characterization of the genetic mating system is also a necessary prerequisite for more detailed comparative studies of the causes and consequences of mating system evolution within the Syngnathidae family.
The dwarf seahorse, Hippocampus zosterae, is of particular interest because it is a common seahorse amenable to husbandry, making it an appealing model in comparative studies of mating behavior. Laboratory-based social experiments indicate that dwarf seahorses are monogamous, but this mating behavior has yet to be confirmed genetically (Masonjones and Lewis 1996) . The dwarf seahorse is one of the smallest seahorse species, ranging from 16 to 38 mm in length, and can be found in shallow seagrass beds in the Gulf of Mexico and from the Bahamas to Bermuda (Strawn 1958; Masonjones and Lewis 1996) . Like other species of seahorses, dwarf seahorse males have a sophisticated brood pouch, which is completely enclosed except for a small opening. This pouch configuration ensures paternity of offspring within the male's pouch (Jones et al. 1998; Jones and Avise 2001) . Although both male and female seahorses invest energy into the production of their offspring, the male invests much more energy than the female, as shown by a comparison of the metabolic rates of male and female dwarf seahorses (Masonjones 2001) . Females make a nontrivial investment of energy in courtship and the generation of eggs, but males invest energy in courtship and in the carrying Journal of Heredity 2014:105(6):922-927 doi:10.1093/jhered/esu050 Advance Access publication August 13, 2014 of the offspring over the entire pregnancy (Jones 2004 ). The courtship ritual for H. zosterae has 4 distinct phases with mating generally occurring on the third morning of courtship for unfamiliar pairs (Masonjones and Lewis 1996) . The gestation period for H. zosterae lasts for 13-14 days, after which remating will generally occur within a 4-20-h window (Vincent 1994; Masonjones and Lewis 1996) . Previous work focusing on seasonal demographic patterns of the dwarf seahorse have shown that 35% of males caught in Tampa Bay during the winter are pregnant and 65% of males collected from these sites during the summer are pregnant, indicating that they reproduce year round (Masonjones HD, unpublished data) . Our first goal in this study was to develop a panel of novel microsatellite markers polymorphic enough to determine parentage in H. zosterae. Our second goal was to infer parentage for broods of field-caught, pregnant males to test the hypothesis that the genetic mating system in natural dwarf seahorse populations is monogamy.
Methods
Two separate collecting sites were used to obtain samples of H. zosterae from the Gulf of Mexico. Pregnant males were collected and sacrificed in Tampa Bay, Florida during a single day of seining on 24 August 2009. The second sample of pregnant males was collected over 4 separate days of seining (July 14, August 17, August 28, and September 27) during 2010 in Redfish Bay, Texas. Males collected in Texas were sacrificed on the day of collection if the developing embryos were more than halfway through their 2-week gestation period or sacrificed after allowing them to give birth in laboratory tanks if the embryos were in early stages upon collection. This approach ensured the offspring were large enough for genotyping using Chelex extractions. We sacrificed all adult male fish using an overdose of MS222 and preserved tissue clippings from the seahorses' tails in 95% ethanol. The DNA from the adult tissue samples was extracted using the Genomic DNA Purification Kit from Gentra systems (Qiagen) and diluted to a concentration of 50 ng/µL. The paternity of each fry was known as a result of the fry being individually dissected from the father's pouch or collected from the tank in which an isolated male gave birth. For the DNA extraction of the offspring, each fry was placed in 150 µL of Chelex and Proteinase K solution (stock: 25-mL millipure water, 199-μL Proteinase K [20 mg/mL], and 1.25 g Chelex) and incubated at 56 °C for 1 h followed by 100 °C for 8 min.
We developed a panel of hypervariable microsatellites, ultimately using 4 (Hzos04, Hzos05, Hzos06, and Hzos07) to determine maternity for each of the males' broods (Table 1) . We isolated the markers from a single, Texas-caught adult using a protocol originally developed by Ardren et al. (2002) , but modified in exact accordance with Mobley et al. (2009) . In short, we produced a library from genomic DNA enriched for GATA repeats by degenerate oligonucleotide-primed PCR fragmentation (Macas et al. 1996) , followed by hybridization to a biotinylated (GATA) 8 probe, streptavidin bead pull-down, elution, and cloning with the Topo TA Cloning Kit (Invitrogen). Fortyfour of 576 colonies screened positively for a putative repetitive insert, and we sequenced these clones in both directions at the Nevada Genomics Center (Reno, NV) using T3 and T7 primers. Eight of these clones proved to be unique microsatellite sequences amenable to PCR primer design, which we performed with the assistance of Primer3 version 0.4.0 (Rozen and Skaletsky 2000) and default settings. Table 1 provides relevant details for the 8 markers. Markers Hzos04, Hzos05, Hzos06, and Hzos07 were consistently amplifiable based on PCR optimization assays and proved to be polymorphic, so we used these for all subsequent parentage analyses.
Each of the microsatellites was amplified in 25 µL of reaction mixture containing 17.25 µL of purified water, 2 µL of MgCl 2 (25 mM), 1 µL of deoxynucleotide triphosphate mix (2 mM dNTPs), 2.5 µL of 10× PCR buffer, 0.5 µL of forward (5ʹ fluorescently labeled) and reverse primers (10 µM), 0.25 µL of Taq polymerase, and lastly, 1 µL of template DNA (50 ng/µL). Thermal cycling consisted of 5 steps with the initial denaturing step occurring during the first 2 min at 94 °C for all 4 microsatellite loci. Next followed 39 cycles for Hzos04, Hzos06, and Hzos07 and 31 cycles for Hzos05 including 1 min at 92 °C for denaturing, annealing temperatures of 60 °C for 1 min for Hzos06 and Hzos07, 62 °C for 1 min for Hzos04, and 60.7 °C for 50 s for Hzos05, and lastly, extension at 72 °C for 1 min. Each PCR concluded at 72 °C for 4 min, followed by storage at 4 °C. Products were confirmed on 2% agarose gels and analyzed on an Applied BioSystems 3730xl DNA Analyzer at the Cornell University Life Sciences Core Laboratories Center. The alleles for all 4 loci were sized using Peak Scanner software (Applied BioSystems).
We first reconstructed the parental genotypes for every offspring within a brood and determined either the maternal genotype or both parental genotypes (in some cases the father's tissue sample did not produce amplifiable DNA) using GERUD 2.0 (Jones 2005) . Next, we calculated exclusion probabilities for both a single known parent and both unknown parents for Texas and Florida separately by using GERUD 2.0 (Jones 2005) . We determined the power of detecting multiple maternity using the program GERUDsim 2.0 (Jones 2005) to test the probability of identifying the correct number of sires in simulations with various ratios of maternal contributions using the adult genotypes. Simulations were run using the "known mother" setting, where the program assumes one of the parental genotypes is known because the paternity of our fish's offspring is known. We ran 1000 simulations with either equal (50:50) or skewed (25:75) maternal contributions to broods using the study's average brood size of 16. We also summarized genetic differentiation between adults in each of the populations to determine F ST values and tested for linkage disequilibrium among loci using Arlequin 3.5 (Excoffier and Lischer 2010) . Finally, we used GENEPOP to test if the loci in each population deviated from Hardy-Weinberg equilibrium and determine the level of expected heterozygosity, HE (Raymond and Rousset 1995) . In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses with Dryad.
Results
We genotyped broods from a total of 16 pregnant males, resulting in 248 embryos assayed for an average of 15.5 offspring per male. Within each male's progeny array, we detected a maximum of 4 alleles at each locus ( Table 2) . As a result, all 16 broods were confirmed to have a single maternal genotype when analyzed with GERUD 2.0 (Table 2) . A single null (nonamplifying) allele appeared in one of the male seahorses, FL-M12, and his offspring. This null allele was detected during the parentage assignment using GERUD 2.0, and the male was identified as a null heterozygote rather than a normal homozygous individual (Jones and Ardren 2003) . All of the loci were highly polymorphic with 27-36 alleles represented across the 32 parental fish genotypes, which include the 16 genotypes of wild-caught, pregnant males and the inferred genotypes of the 16 females assigned as their mates (Table 1 ). The 4 microsatellites we used for this particular study were polymorphic enough to easily identify the maternal contribution to each male's brood, allowing us to use only half of the 8 markers we developed. Although the sample sizes for each population were small, we found no evidence of significant genetic differentiation between the 2 populations (F ST : 0.00, P = 0.354), and none of the loci were found to be in linkage disequilibrium (P = 1.00, Table 3 ). There also were no major differences between the adults within the Florida and Texas populations in ranges of expected heterozygosity (0.95-0.99), and none of our loci deviated from Hardy-Weinberg equilibrium in either population (P > 0.05, Table 3 ). Simulations run using GERUDsim2.0 determined that the probability of detecting multiple mating was 99.7% and 100% in Florida and Texas, respectively, in cases with skewed maternal contributions (25:75) and 99.8% and 99.8% assuming even maternal contributions. Thus, these markers were sufficiently polymorphic that we would have detected multiple mating by males had it occurred in our sample.
Discussion
The 8 microsatellite markers produced by our study should serve as useful resources for researchers wishing to embark on future molecular ecological studies of the dwarf seahorse. The 4 markers we used to infer parentage in this study have proven their worth in this context, and all 8 microsatellites could in principle be applied fruitfully to basic studies of genetic structure among dwarf seahorse populations, or even those of other seahorse species. The results from the parentage analyses of the males' broods from both collecting locations, Florida and Texas, indicate that males mate singly, maternal genotypes are unique to each brood, and therefore dwarf seahorses are indeed genetically monogamous. These results support previous findings from behavior trials in the laboratory where this particular species of seahorse was shown to exhibit a socially monogamous mating system (Masonjones and Lewis 1996) . To date, all species of seahorses that have been tested using microsatellite-based parentage analyses, including H. abdominalis, H. subelongatus Table 1 Microsatellite structures, primers, accession numbers, annealing temperatures, and total number of alleles for 8 unique microsatellite markers developed for (Jones et al. 1998; Wilson and Martin-Smith 2007; Woodall et al. 2011 ). Similar to other monogamous species, seahorses have little variation in morphology between sexes compared with the sexually dimorphic and ornamented pipefish species (Mobley et al. 2011) . One possible explanation for the maintenance of monogamy in seahorses is that the female seahorse produces her eggs in discreet batches and must transfer the entire batch to a male before preparing subsequent batches (Vincent 1994; Jones and Avise 2001) . Some pipefish species, on the other hand, continuously produce mature eggs and can transfer subsets of these eggs to different males in rapid succession (Kornienko 2001) . As a result of this physiological constraint in egg production, it becomes wasteful for a seahorse female to invest energy in the production of eggs unless she can secure a willing male to receive them. Whether this egg maturation process evolved before or after the evolution of monogamy in the seahorse lineage remains an open question.
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Locus
Another possible explanation for monogamy in seahorses is that low population densities increase the cost of searching for additional mates (Emlen and Oring 1977) , a situation that is usually thought to favor the formation of pair bonds. However, not all seahorses have low population densities, as previous studies on H. guttulatus have shown population densities to be high enough that each individual would have access to many prospective mates during the breeding season (Curtis and Vincent 2006) . Moreover, there is still little known about the ecological and demographic setting in which the most recent common ancestor of seahorses evolved, likely more than 20 million years ago (Casey et al. 2004; Teske et al. 2004) . It is suggested that the genus Hippocampus originated in the West Pacific region with the most basal species of the genus inhabiting Australia (Teske et al. 2004; Wilson and Orr 2011) . Phylogenetic reconstructions also estimate the divergence time between seahorses and their nearest extant relatives, the pygmy pipehorses of genus Idiotropiscis, to be 25-28 Myr, indicating the upright posture of seahorses evolved during the Late Oligocene (Wilson et al. 2001; Teske and Beheregaray 2009) . Although monogamy seems to be the norm for all Hippocampus species studied thus far, other syngnathid genera display a wide range of mating systems. Mating system variation within family Syngnathidae ranges from social monogamy in seahorses and the pipefish Corythoichthys haematopterus, to polygynandry in Syngnathus floridae, S. typhle, S. leptorhynchus, and S. abaster, and polyandry in Nerophis ophidion and S. scovelli Avise 1997a, 1997b; Jones et al. 1999; Matsumoto and Yanagisawa 2001; McCoy et al. 2001; Wilson 2009; Hübner et al. 2013 ). This variation in syngnathid mating systems, particularly within the genus Syngnathus, underscores the notion that we should be cautious in drawing generalizations regarding an entire genus from observations involving 1 or a few species. However, our genetic data do add additional support to the hypothesis that all seahorses in the genus Hippocampus retain a monogamous mating system that was likely present in their most recent common ancestor. In conclusion, our results confirm genetically the previous behavioral studies documenting the dwarf seahorse as a monogamously mating species, and also provide new, highly polymorphic microsatellites to utilize for future studies regarding this diminutive seahorse species.
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